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Budded virusAutographa californica multiple nucleopolyhedrovirus (AcMNPV) ac109 is a core gene and its function in the
virus life cycle is unknown. To determine its role in the baculovirus life cycle, we used the AcMNPV bacmid
system to generate an ac109 deletion virus (vAc109KO). Fluorescence and light microscopy showed that
transfection of vAc109KO results in a single-cell infection phenotype. Viral DNA replication is unaffected and
the development of occlusion bodies in vAc109KO-transfected cells evidenced progression to the very late
phases of viral infection. Western blot and confocal immunoﬂuorescence analysis showed that AC109 is
expressed in the cytoplasm and nucleus throughout infection. In addition, AC109 is a structural protein as it
was detected in both budded virus (BV) and occlusion derived virus in both the envelope and nucleocapsid
fractions. Titration assays by qPCR and TCID50 showed that vAc109KO produced BV but the virions are non-
infectious. The vAc109KO BV were indistinguishable from the BV of repaired and wild type control viruses as
determined by negative staining and electron microscopy.
Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.IntroductionAutographa californica multiple nucleopolyhedrovirus (AcMNPV),
the archetype virus of the alphabaculoviruses of the Baculoviridae, has
a double-stranded DNA genome of approximately 134 kbp that
contains 154 predicted open reading frames (ORFs)(Ayres et al.,
1994). Comparative analysis of the completely sequenced baculovirus
genomes has revealed 30 core genes that are conserved in all
baculovirus genomes sequenced to date (McCarthy and Theilmann,
2008; van Oers and Vlak, 2007). The conserved nature of these core
genes indicates that they are likely to serve essential roles in
baculovirus life cycles. Most core genes are related either to DNA
replication, gene expression, packaging or assembly, or per os infection
(van Oers and Vlak, 2007). Four core genes, ac68, p33 (ac92), ac96
and ac109 have no known function or sequence similarities to known
proteins. In a previous study, a homologue of ac109 in the Group II
alphabaculovirus Helicoverpa armigera NPV (HearNPV) ha94 was
found to encode an occlusion derived virus (ODV) component that
was named ODV-EC43 which localizes to both envelope and
nucleocapsid of ODV but was not detected in budded virus (BV)
(Fang et al., 2003). However, the role in the baculovirus life cycle of the
core genes ac109, ha94 or any of the other homologues has not been
determined.Centre, Agriculture and Agri-
1Z0. Fax: +1 250 494 6415.
eilmann).
09 Published by Elsevier Inc. All rigIn this study, an ac109 deletion mutant was constructed using an
AcMNPV bacmid and results showed that the ac109 null virus
exhibited a single-cell infection phenotype but viral DNA replication
was unaffected. Western blot and immunoﬂuorescence showed
AC109 distributed in both nucleus and cytoplasm throughout
infection. AC109 was also found to be structural component of both
ODV and BV. Surprisingly however the ac109 deletion virus was able
to produce BV but the virions were non-infectious.
Results
Transcription mapping of ac109 and analysis of predicted amino
acid sequence
To initially characterize ac109 5′ and 3′ RACE were used to
transcriptionally map the gene and identify the transcription start
and stop sites (Fig. 1). A GTAAG motif is found 14 nucleotides
upstream the predicted start codon of ac109, suggesting the ac109
is a late gene. A consensus polyadenylation signal, AATAAA motif, is
found 348 nucleotides downstream from the stop codon of ac109. A
product from 5′-RACE was speciﬁcally ampliﬁed from RNA isolated
from AcMNPV infected Sf9 cells at 24 hours post-infection (hpi), but
not from 4 hpi or mock infected cells. Sequencing results conﬁrmed
the ac109 transcript started at the predicted GTAAG late motif (Fig.
1A). 3′-RACE showed that ac109 transcript terminated 175 nt
downstream the stop codon, 14 nt downstream from a non-
canonical poly(A) motif AATTAA. Therefore, ac109 is a late gene,hts reserved.
67M. Fang et al. / Virology 389 (2009) 66–74which is consistent with the HearNPV homologue ha94 (Fang et al.,
2003).
AC109 is a conserved protein found in all baculoviruses for which
the genomic sequence has been reported (van Oers and Vlak, 2007)
but sequence alignment showed that the amino acid identity among
AC109 and its homologues is not high (Fang et al., 2003). However,
one striking characteristic is that AC109 and all its homologues share
a predicted transmembrane domain at the N-terminal half (Fig. 1C).
In addition, there is a second predicted transmembrane domain at
the C-terminal of AC109 in some but not all homologues. The
conservation of a transmembrane domain would suggest that AC109
associates with membranes during some point in the virus life cycle.
Construction of ac109null and repaired viruses
Using AcMNPV bMON14272 bacmid, an ac109null bacmid was
constructed based on homologous recombination in Escherichia coli
(Fig. 2) (Dai et al., 2004; Fang et al., 2007). In the ac109null bacmid,
the late promoter of ac109 and 1132 nt of its open reading frame (ORF)
was replaced by a zeocin resistance gene (Fig. 2). Forty-one
nucleotides of the 3′ end of ac109 were kept to preserve the putative
late transcriptional start site motif, TTAAG, for ac108. To conﬁrm the
correct insertion of the zeocin cassette, the ac109null bacmid was
examined by PCR (data not shown). Two primers pairs,1583/1014 and
1584/1239 were used to examine the recombination junctions of
upstream and downstream ﬂanking regions. The PCR results con-
ﬁrmed that the promoter and N-terminal of ac109 was successfully
deleted as expected.
To examine the effect of ac109 deletion on virus infection, the
polyhedrin and gfp genes were inserted into the polyhedrin locus
of ac109null by transposition and this virus was named vAc109KOFig. 1. 5′- and 3′-RACE analysis of ac109 transcriptional start and stop sites and location of pre
The sequence of both the AcMNPV genome and the RACE product is shown. The late promo
shows the location of the transcription initiation site of ac109. (B) 3′-RACE analysis of ac1
canonical polyadenylation sequence AATTAA motif are shown in bold (C) Location of the p
domains are predicted by the TMPRED program (Hofmann and Stoffel, 1993) and DAS (Cserz
OP109, NP_046265.1; HearNPV HA94, NP_075163.1; MacoNPV-A MC80, AAQ11099.1; CpGV(Fig. 2). To conﬁrm that any observed phenotype was due to deletion
of AC109, vAc109KO-AC109 and vAc109KO-AC109HA were generated. These
two viruses contain the ac109 open reading frame driven by its
native late promoter with or without an HA epitope tag at the C-
terminus inserted at the polyhedrin locus of the ac109null bacmid.
vAcBac, which serves as a positive control, was constructed by
transposing polyhedrin and gfp genes (Dai et al., 2004).
Analysis of ac109 deletion and repair viruses in transfected Sf9 cells
To determine the effect of ac109 deletion on virus replication,
vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA and vAcBac were puriﬁed
from E. coli and transfected into Sf9 cells. The expression of gfp in all
the constructs driven by OpMNPV ie1 promoter enables the monitor-
ing of transfection by ﬂuorescence microscopy (Fig. 3A). At 24 hours
post-transfection (hpt), similar numbers of cells with GFP ﬂuores-
cence were observed from for each of the four viruses, indicating
transfection efﬁciencies were comparable. At 96 hpt, Sf9 cells
transfected with vAc109KO, showed no increase in the number of
cells expressing GFP, suggesting the infection was restricted to the
initially transfected cells and no infectious progeny BV was produced.
In contrast, Sf9 cells transfected with vAc109KO-AC109, vAc109KO-AC109HA
and vAcBac showed infection in every cell at 96 hpt, indicating
infectious BV was produced. These initial results show that deletion of
ac109 results in a virus that is restricted to the initial cell that was
transfected.
Light microscopy analysis showed that all viruses produced
normal appearing OBs (Fig. 3B). OBs from vAc109KO were only
observed in cells corresponding to initially transfected cells. How-
ever, occlusion bodies were produced in most cells transfected with
vAc109KO-AC109, vAc109KO-AC109HA or vAcBac.dicted transmembrane domains. (A) 5′-RACE analysis of ac109 transcriptional start site.
ter (GTAAG) and the translation start codon (ATG) are shown in bold. The arrowhead
09 transcriptional stop site. The translation stop codon (TAG) and the potential non-
redicted transmembrane domains of AC109 and its homologues. The transmembrane
o et al., 1997). The protein sequences used are: AcMNPV AC109, NP_054139.1; OpMNPV
CP55, NP_148839.1; NeseNPV NS70 YP_025177.1; CuniNPV CN69, AAK94147.1.
Fig. 2. Construction of ac109 knockout and repair bacmids. Schematic diagram of construction of the bacmids vAc109KO, vAc109KO-AC109 and vAc109KO-AC109HA. The ac109 ORF was
partially deleted by replacement with the zeocin resistance gene cassette (ampliﬁed with primers 1581 and 1582) via homologous recombination in E. coli, to generate ac109null. The
deletion of ac109was conﬁrmed using the primer pairs 1583/1014 and 1239/1584; their relative positions are indicated. The lower part of the ﬁgure shows the genes inserted in the
polyhedrin (polh) locus of ac109null by Tn7-mediated transposition to generate vAc109KO, vAc109KO-AC109and vAc109KO-AC109HA.
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To conﬁrm that the deletion of ac109 led to a defect in infectious BV
titreswere determined at various times post-transfection. Sf9 cells were
transfected with vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA and vAcBac
and BV levels in cell media were assayed by quantitative polymerase
chain reaction (qPCR) which determines titres by detecting viral
genomes regardless of virion infectivity (Fig. 4A). Due to initially
transfectedbacmidDNAthere is a backgroundof viral genomesdetected
in all time points for all viruses. In vAc109KO-AC109 and vAcBac transfected
cells there is a steady increase of BV titres from 24 to 96 hpt. Titres from
vAc109KO-AC109HA transfected cells show a consistent increase from 24 to
96hpt, butweremuch lower than thatof vAcBac andvAc109KO-AC109with
an approximately one log reduction at 96 hpt. In contrast, the titre from
vAc109KO transfected cells showed one log increase from24 to 48 hpt but
no further increase from 48 to 96 hpt. This suggested that vAc109KO was
producing some form of BV but it was unable to further infect non-
transfected cells and produce additional BV.
To determine if infectious BV was produced, the virus titres were
also analyzed using TCID50 end-point dilution assay for the samples
isolated at 6 and 72 hpt (Fig. 4B). As expected no infectious BV was
detected from vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA and vAcBac
transfected cells at 6 hpt. The average titres at 72 hpt of vAcBac,
vAc109KO-AC109 and vAc109KO-AC109HA were 1.1×108, 1.1×108 and
1.1×105 TCID50/ml respectively which are similar to that obtained
using qPCR (Fig. 4A). In contrast, for vAc109KO no infectious BV was
found at 72 hpt. Viral supernatant from the vAc109KO 72 hpt sample
was left in contact with Sf9 cells for over 7 days and no infection was
detected by ﬂuorescence or light microscopy. These results suggest
that ac109 is required for the production of BV particles that areinfectious. The ﬁnal titre of vAc109KO-AC109HA was one log lower than
that of vAc109KO-AC109 and vAcBac (data not shown), indicating that the
HA epitope tag partially impairs the function of AC109 but infectious
particles are still produced. The titres of vAc109KO-AC109HA as deter-
mined by TCID50 and qPCR were in close agreement similar to vAcBac
indicating that the BV produced was equally infectious.
The viral growth curve analysis by qPCR and TCID50 showed that
Ac109KO produced BV particles but the virions were non-infectious. To
analyze the structure of the vAc109KO virion and the repair viruses, the
BV was puriﬁed from transfected cell media as previously described
(Dai et al., 2004; Oomens and Blissard, 1999) and the presence of the
two key BV proteins, the nucleocapsid protein VP39 and the essential
envelope protein GP64, was determined by Western blot. The results
show that VP39 and GP64 were clearly detected from BV from all four
viruses including vAc109KO. As would be expected due to the lower
titres the levels of VP39 and GP64 were signiﬁcantly lower for
vAc109KO and vAc109KO109KO-AC109HA than vAcBac and vAc109KO-AC109
(Fig. 4C). These results suggest that a form of extracellular BV was
produced by vAc109KO.
To investigate if there were any structural abnormalities in the BV
produced by vAc109KO virions were negatively stained and observed
under the transmission electron microscope (TEM). Analysis of the
partially puriﬁed BV of vAcBac, vAc109KO, vAc109KO-AC109 show virions
with or without an envelope which can be lost during the sample
preparation (Fig. 5). The nucleocapsids from vAc109KO BV were rod
shaped and were similar to the BVs of vAcBac and vAc109KO-AC109.
Although there were signiﬁcantly fewer BV virions from vAc109KO than
from vAcBac or vAc109KO-AC109 (see Fig. 4A), no differences in size,
shape or density were observed. These results indicate that vAc109KO
produces BV that appear to have a normal structure.
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To quantitatively analyze the effect of ac109 deletion on viral DNA
replication the same number of bacmid transfected-Sf9 cells was
harvested at various times post-transfection and total cellular DNA
was extracted and analyzed by qPCR (Fig. 6). The onset of DNA
replication occurred between 12 and 24 hpt for all constructs. DNA
synthesis began to increase and continued to 48 hpt for vAc109KO-AC109
and vAcBac. DNA levels of vAc109KO-AC109HA and vAc109KO were
equivalent to vAc109KO-AC109 and vAcBac from 12 to 24 hpt but were
one log lower than that of vAc109KO-AC109 and vAcBac from 24–72 hpt.
However, the DNA level of vAc109KO-AC109HA reached similar levels to
vAc109KO-AC109 and vAcBac by 96 hpt. This is consistent with the
delayed production of infectious BV and subsequent infection of non-
transfected cells. These results indicate that the deletion of ac109 does
not affect the onset and level of DNA replication and vAc109KO DNA
replication is limited to initially transfected cells.
Subcellular localization of AC109 during infection
To further characterize the function of ac109 in the viral life cycle,
it is necessary to establish the temporal expression and cellular
localization. A time course analysis of AC109 expression wasFig. 3. Viral replication analysis in Sf9 cells. (A) Fluorescence microscopy showing the
vAc109KO-AC109HA and vAcBac. (B) Light microscopy of Sf9 cells transfected with vAcBac,performed using vAc109KO-AC109HA. Infected Sf9 cells were collected
at various times post-infection followed by biochemical isolation of
the nuclear and cytoplasmic fractions. Western blot analysis showed
that AC109 was translated from 12 to 72 hpi and was distributed in
both the nucleus and the cytoplasm. The detected protein size was
45 kDa, consistent with the predicted 44.5 kDa and suggesting no
major post-translational modiﬁcation occurs (Fig. 7). As a control to
test the efﬁciency of the fractionation process, the same samples were
probed with an IE1 antibody and a GP64 antibody. The presence of
IE0/1 and GP64 exclusively in the nuclear and cytoplasmic fractions,
respectively, conﬁrmed the cell fractionation was successful.
The cellular localization of AC109 was also analyzed by immuno-
ﬂuorescence and confocal microscopy. In uninfected Sf9 cells no
background ﬂuorescence was detected demonstrating the speciﬁcity
of HA antibody (Fig. 8). At 24 hpi the levels of AC109 appear to be
greater in the in the cytoplasm than in the nucleus.Within the nucleus
it was unevenly distributed at the periphery of the virogenic stroma in
the ring zone (stained blue by DAPI). By 48 hpi, the AC109
ﬂuorescence signal was more concentrated at various locations in
the cytoplasm, but became diffuse in the nucleus. The AC109
localization pattern as determined by immunoﬂuorescence was
consistent with the results obtained from the Western blot analyses
of the nuclear and cytoplasmic fractions.progression of the infection in Sf9 cells transfected with vAc109KO, vAc109KO-AC109,
vAc109KO, vAc109KO-AC109 and vAc109KO-AC109HA at 96 hpt.
Fig. 4. Growth curve analysis of Sf9 cells transfected with vAc109KO, vAc109KO-AC109,
vAc109KO-AC109HA and vAcBac. (A) Virus growth curves determined using qPCR to
determine the number of viral genomes in the supernatants of Sf9 cells transfected with
vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA and vAcBac. The bars of each data point
represent standard error. (B) Virus titres at 6 and 72 hpt determined by TCID50 end-
point dilution assay (EPDA). Each datum point represents the average titre derived from
two independent TCID50 assays. (C) Western blot analysis of BV isolated from Sf9 cells
transfected with vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA and vAcBac at 72 hpt. Blots
were probed with antibodies to the virion nucleocapsid protein VP39 and the BV
speciﬁc envelope protein GP64.
Fig. 5. Negative staining and transmission electron microscopy analysis of BV. BV were
isolated from vAc109KO, vAc109KO-AC109 and vAcBac transfected Sf9 cells. The BV of (A)
vAcBac, (B) vAc109KO and (C) vAc109KO-AC109 were isolated and partially puriﬁed from
supernatants at 96 hpt, negatively stained and observed under TEM. Bar, 250 nm.
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A previous proteomic analysis has shown that AC109 is associated
with ODV similar to HA94 of HearNPV (Braunagel et al., 2003). BV and
ODV were puriﬁed and analyzed by Western blotting for the presence
of AC109 to conﬁrm the localization in the ODV virion and also to
determine if it is a BV structural protein. In addition, the BV particles
were also biochemically fractionated into nucleocapsid and envelope
fractions (lanes NC and ENV). The Western blot analysis results
showed that AC109 could be detected in both BV and ODV (lanes BVand ODV) (Fig. 9). In addition, AC109 was localized in both BV
nucleocapsid and envelope fractions. As a control to conﬁrm the
efﬁciency of the BV fractionation, the nucleocapsid protein VP39 and
the BV envelope-speciﬁc protein GP64 were analyzed by Western
blotting and both were observed in the expected fractions. These
results show that AC109 is associated with both BV and ODV virions
and localizes in the nucleocapsids and envelope of BV. The association
with the BV envelopewould support functionality of at least one of the
two predicted transmembrane domains shown in Fig. 1.
Discussion
In this study we have investigated the function of AcMNPV ac109
which is a baculovirus core gene. To enable this, an ac109 deletion
virus was generated along with two repair viruses which expressed
HA-tagged and non-tagged AC109. The results showed that AC109 is
essential for AcMNPV to be able to mount a successful infection. This
was demonstrated by showing that transfection of vAc109KO results in
viral replication being restricted to a single cell. Viral DNA synthesis is
unaffected and normal appearing OBs are produced. Surprisingly
however, BV is produced that contains the nucleocapsid protein VP39
as well as GP64 but the virions are completely non-infectious. Analysis
of negatively stained vAc109KO BV by TEM was unable to detect any
abnormalities in the virion structure. To our knowledge, this is the ﬁrst
baculovirus gene whose absence does not prevent BV production but
completely abolishes infectivity.
Our result showed that AC109 is a structural component of ODV, a
ﬁnding that is in agreement with Braunagel et al. (2003), and similar
to the HearNPV homolog HA94 and the Culex nigripalpus NPV
homolog CUNI69 (Fang et al., 2003; Perera et al., 2007). However,
unlike previous studies we also showed that AC109 was a component
of the BV localizing to both the nucleocapsid and envelope fractions
(Fig. 9). This contrasts with HA94which was found associated with
both the nucleocapsid and envelope of ODV but it was not detected in
BV. It is not clear why HA94 was not detected in BV but it is possible
that the levels may be different in the different virions and the
antibodies used may have different sensitivities. Alternatively, HA94
may not be required for HearNPV BV.
AcMNPV BV and ODV are complex macromolecule structures
which contain long tubular nucleocapsids which are surrounded by
a lipid bilayer that contains various envelope proteins. Current
estimates indicate that up to 47 proteins are reported to be
structural components of ODV (Braunagel et al., 2003; Deng et al.,
2007; Perera et al., 2007). Including AC109, over 18 proteins are
now known to associate with both AcMNPV BV and ODV
Fig. 6. Quantitative real-time PCR analysis of viral DNA replication. Sf9 cells (1.0×106)
were transfected with 1.0 μg of vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA and vAcBac
DNA. At various times post-transfection total cellular DNA was extracted and analyzed
by qPCR. Each time point represents the average of two independent replication assays
and the bars of each data point represent standard error.
Fig. 7. Cellular localization of AC109HA as determined by fractionation of cytoplasm and
nuclei and Western blotting. Sf9 cells were infected with vAc109KO-AC109HA at an MOI of
2. Cells were harvested at various times post-infection and separated into the nuclear
and cytoplasmic fractions. Fractionswere separated by SDS-PAGE and probedwith anti-
HA, anti-IE1, and anti-GP64 monoclonal antibodies to detect HA-tagged AC109, IE0/1,
and GP64, respectively. C, cytoplasmic fraction; N, nuclear fraction.
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or ODV envelopes (Braunagel et al., 2003; Slack and Arif, 2007). The
remaining proteins have unknown function or are associated with
the viral genome. AC109 is the ﬁrst protein reported that is a
structural component of the envelope and nucleocapsid from both
BV and ODV.
In herpesvirus, more than 15 tegument proteins are reported to
localize between outer envelope and capsids, and they modulate the
host cell to create an environment beneﬁcial to viral replication
(Mettenleiter, 2002; Mettenleiter, 2004). AcMNPV GP41 which is
required for BV production copuriﬁes with ODV but is not found in
either the nucleocapsid or envelope and has been proposed to be a
tegument protein (Lee and Miller, 1979; Olszewski and Miller, 1997b;
Whitford and Faulkner, 1992). To date GP41 is the only proposed
baculovirus tegument protein. As AC109 is found in both envelope and
nucleocapsid it may span the proposed tegument region or is situated
in both locations. Interestingly, adding the HA epitope to either the N-
or C-terminal affected AC109 function. As shown the C-terminal HA
tag impairs function although AC109HA could partially rescue
vAc109KO (Fig. 4). We have also constructed an N-terminal tagged
AC109 but it was unable to rescue vAc109KO (result not shown). These
results suggest that both N- and C-terminals of AC109 are involved in
essential functions such as protein interaction or possibly envelope
and nucleocapsid anchorage.
In the cells transfected with vAcac109KO normal appearing occlusion
bodies are formed, but it is still unknown if ODV are produced and
packaged into the occlusion bodies. Ac109 is unlike other structural
core genes such as vp1054 (ac54), vlf-1 (ac77) and ac142 which have
been shown to be required for the assembly of nucleocapsids in the
nucleus (McCarthy et al., 2008; Olszewski and Miller, 1997a;
Vanarsdall et al., 2006; Vanarsdall et al., 2007; Yang and Miller,
1998). The core genes bv/odv-c42 (ac101) and vp39 (ac89) also
express nucleocapsid proteins and no BV are produced in their
absence (Wang et al., 2008; Fang and Theilmann, unpublished
results).
The BVs produced by vAc109KO are non-infectious but have normal
appearance (Figs. 4 and 5) suggesting that AC109 may not be
required for nucleocapsid assembly. However, the reduced BV produc-
tion (Fig. 4) may indicate that vAc109KO has impaired nucleocapsid
assemblyor inefﬁcient egress. Thequestion remainshowever as towhy
the BV produced is non-infectious? The presence of GP64 in the
vAc109KO BV would strongly suggest that they are able to bind to host
cells. It is therefore possible that vAcac109KO BV have a defect in entry
afterbindingor in the transport tooruncoatingofnucleocapsids inoratthe nucleus. The further analysis of ac109may therefore lead to a new
understanding of the baculovirus infection pathway.
Materials and methods
Viruses and cells
Spodoptera frugiperda Sf9 cells were maintained in 10% fetal bovine
serum-supplemented TC100 medium at 27 °C. AcMNPV recombinant
bacmids were derived from the commercially available bacmid
bMON14272 (Invitrogen Life Technologies) and propagated in E. coli
strain DH10B.
5′- and 3′-race
To map the transcription start and stop sites for ac109, RNA was
extracted from Sf9 cells infected with AcMNPV-E2 virus and collected
at 4 hpi and 24 hpi using Qiagen RNeasy kit. The 5′- and 3′-RACE were
conducted following the manufacture's protocol of GeneRacer Kit
(Invitrogen). Gene speciﬁc primer (GSP1) 1741 (5′-ACGTACAC-
GATCAAGTTTTCGAT-3′) was paired with GeneRacer 5′primer and
GSP2 1742 (5′-TCTGAAACGGGCACTCCATC-3′) was paired with Gen-
eRacer 5′ nested primer to amplify 5′end of ac109 speciﬁc transcript.
Primer 1788 (5′-CTGTTTTGCAAGAACGACAG-3′) was paired with
GeneRacer 3′ primer to amplify the 3′ end of ac109 transcript. The
speciﬁc PCR fragments were cloned into pDrive vector (Qiagen) and
sequenced with M13 forward primer.
Construction of bMON14272 ac109null and repaired bacmid
A zeocin resistance gene was ampliﬁed using the 69 bp and 68 bp
primers 1581 (5′-ACGGTACGAGTTCACAAATTAAAATAATCTAAAGTC-
TAATGAAGTAATAAATTCGGATCTCTGCAGCAC-3′) and 1582 (5′-
TGTGCTTAACTACAAATAATAGTTGTACTTGACGGGCGTCACCG-
TGATGCTCGAGGTCGACCCCCCTG-3′) and p2ZeoKS as template. These
Fig. 9. Analysis of AC109HA in puriﬁed and fractionated virions. BV and ODV were
puriﬁed using a sucrose gradient and analyzed by SDS-PAGE andWestern blotting. Blots
were probed with an anti-HA antibody to detect AC109HA, AcV5 monoclonal antibody
to detect the BV envelope protein GP64, and anti-VP39 to detect the nucleocapsid
protein VP39. NC, nucleocapsid fraction; ENV, envelope fraction.
Fig. 8. Localization of AC109HA by immunoﬂuorescence. Sf9 cells were infected with vAc109KO-AC109HA at an MOI of 2. At various times post-infection cells were ﬁxed and probed with
mouse monoclonal HA antibody to detect AC109HA and then visualized using Alexa 635-conjugated goat anti-mouse IgG (red). Additionally, cells were stained with DAPI to directly
visualize nuclear DNA (blue).
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to the upstream and downstream ﬂanking regions of ac109,
respectively (Fig. 2). The PCR fragment of the zeocin resistance gene
was gel puriﬁed and electroporated into E. coli BW25113-pKD46 cells,
which already contained the AcMNPV bacmid bMON14272 DNA. The
electroporated cells were incubated at 37 °C for 4 h in 3 ml of SOC
(10 g/l Bacto® Tryptone, 5 g/l Bacto® Yeast Extract, 10 g/l NaCl and
1 g/l glucose, pH 7.0) medium and placed onto agar medium
containing 30 μg/ml of zeocin and 50 μg/ml of kanamycin. Plates
were incubated at 37 °C overnight and colonies resistant to zeocin and
kanamycin were selected for further conﬁrmation by PCR.
Two different pairs of primers were used to conﬁrm that ac109 had
been deleted from the ac109 locus of the AcMNPV bacmid genome
(Fig. 2). Primers 1583 (5′-CACGATCACAAGTTTTA-3′) and 1014 (5′-
CCGATATACTATGCCGATGAT T- 3 ′ ) , 1584 (5 ′ -T TTCTT-
GGTTTAACAAGATC-3′) and 1239 (5′-CTGACCGACGCCGACCAA-3′)
were used to detect the correct insertion of the zeocin gene cassette
at the two junctions of ac109 locus. Fragments of 327 bp and 339 bp
which were ampliﬁed with primers 1583/1014 and 1584/1239 from
the ac109 deletion bacmid conﬁrmed the correct insertion of the
zeocin resistance gene in the ac109 locus. One of the recombinant
bacmids conﬁrmed by PCR was selected and named bMON14272
ac109null.
To tag AC109 with the inﬂuenza HA epitope (CYPYDVPDYASL)
at the C-terminus, ac109 was ampliﬁed from bMON14272 with the
primers 1593 (5′-GCGCTGCAGTTTGCATTTCAATCGTAGTG-3′) and
1594 (5′-GCGTCTAGATTAGGCGTAGTCGGGCACGTCGTAGGGG-TACAAATAATAGTTGTACTTGAC-3′). Ac109 was also ampliﬁed with
primer 1593 and 1706 (5′-GCGTCTAGATTACAAATAATAGTTG-
TACTTGAC-5′) to express non-tagged AC109. The ac109HA and
ac109 PCR fragments which contain their native promoters and
open reading frames were digested with PstI and XbaI, cloned into
the same sites of pFAcT-GFP-Tnie1p(A) (Nie et al., in press). In the
resulting plasmids pFAct-ac109HA and pFAct-ac109, which have a
Trichoplusia ni SNPV ie1 poly(A) downstream the ac109HA, and
ac109 genes plus polyhedrin and gfp as a marker, were conﬁrmed
73M. Fang et al. / Virology 389 (2009) 66–74by restriction enzyme digestion and sequencing. The genes poly-
hedrin and gfp, alone or along with ac109HA and ac109 were
introduced into bMON14272 ac109null by Tn7-mediated transposi-
tion as previously described by Luckow et al. (1993) by
transformation with transfer vectors pFAcT-GFP-Tnie1p(A), pFAct-
ac109HA and pFAct-ac109. The resulting viruses were named
vAc109KO, vAc109KO-AC109 and vAc109KO-AC109HA. The control or wild
type virus vAcBac is bMON14272 repaired with pFAcT-GFP (Dai
et al., 2004).
Time course analysis of BV production, DNA replication
Sf9 cells (1.0×106 cells/35-mm-diameter six-well plate) were
transfected with 1.0 μg of each bacmid (vAc109KO, vAc109KO-AC109,
vAc109KO-AC109HA and control virus vAcBac). At various hours post-
transfection (hpt), supernatant containing BV was harvested and cell
debris was removed by centrifugation (8000 ×g for 5 min). Infected
cells were washed once with phosphate-buffered saline (PBS, 137 mM
NaCl, 10 mM Phosphate, 2.7 mM KCl, pH 7.4), scraped off with rubber
policemen, pelleted by centrifugation at 800 ×g for 5 min, the
supernatant was removed and the pellets stored at −80 °C until
analysis. The BV production and viral DNA replication analysis by qPCR
were done as previously described (McCarthy et al., 2008; Vanarsdall
et al., 2004). BV titres at 6 and 72 hpt were also titrated in duplicate by
end-point dilution in Sf9 cells with 96-well microtiter plates (Reed
and Muench, 1938).
Puriﬁcation of BV and ODV and negative staining
Sf9 cells were infected with vAc109KO-AC109HA with a MOI of 0.1 in
two spinners. Six days post-infection (pi), the 80 ml BV supernatants
and infected cells were harvested. The puriﬁcation of BV, ODV and the
fractionation of BV envelope and nucleocapsids were done as
previously described (Fang et al., 2007).
Puriﬁcation of BV for Fig. 4C was performed based on previous
studies (Dai et al., 2004; Oomens and Blissard, 1999). BVs from
supernatant (3 ml each) of vAc109KO, vAc109KO-AC109, vAc109KO-AC109HA
and control virus vAcBac at 72 hpt were puriﬁed and resuspended in
40 μl 1×SDS-PAGE sample buffer, and 12 μl was loaded for Western
blot analysis.
To negatively stain BV, virions from vAc109KO, vAc109KO-AC109 and
vAcBac were collected from 3 ml of 96 hpt Sf9 cell supernatant,
pelleted and resuspended in 30 μl PBS. Ten μl were placed on an
electron microscope copper grid and sample was removed from the
grid immediately. Grids were stained with 10 μl of 1% uranium acetate
for 5 s, dried for 30 min and observed using a Hitachi TEM.
Western blot assay
Protein samples from Sf9 cell pellets and puriﬁed virions were
subjected to Western blot as described in previous study (Fang et al.,
2007). The antibodies used were: (i) mouse monoclonal anti-HA
antibody (HA.11, Covance), 1:1000; (ii) mouse monoclonal OpMNPV
VP39, 1:3000 (Pearson et al., 1988); (iii) mouse monoclonal IE1
antibody (1: 5000) (Ross and Guarino, 1997); (iv) mouse monoclonal
GP64 AcV5 antibody (1:200) (Hohmann and Faulkner, 1983).
Immunoﬂuorescence
Sf9 cells were infected with vAc109KO-AC109HA with a MOI of 2. At
24, 36 and 48 hpi supernatant was removed and cells were washed
once in PBS, followed by ﬁxation in 3.5% paraformaldehyde in PBS
for 10 min. The ﬁxed cells were washed three times in PBS for
15 min, followed by permeabilization in 0.15% Triton X-100 in PBS
for 15 min. Cells were then blocked for 60 min in blocking buffer
(2% bovine serum albumin in PBS), followed by 1 h incubationwith mouse monoclonal anti-HA antibody (1:200) (Covance,
HA11). Cells were washed three times for 10 min each time in
blocking buffer, followed by 1 h incubation with an Alexa 635-
conjugated goat anti-mouse antibody (1:500) (Molecular Probes).
The cells were subsequently washed three times for 10 min each
time in PBS, followed by staining with 200 ng/ml 4′, 6-diamidino-
2-phenylindole (DAPI) (Sigma) and examined using a Leica
confocal Microscope.
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